The aggregation and structure of D-α-tocopheryl polyethylene glycol succinate micelles, TPGS-1000, an amphiphilic derivative of vitamin E, were characterized by scattering and spectroscopic methods, and the impact of different cyclodextrins (CDs) on the self-assembly studied, with the view of combining these two versatile pharmaceutical excipients in drug formulations. Combined SANS, DLS, time-resolved and steady-state fluorescence emission experiments revealed a coreshell architecture with a high aggregation number (Nagg ~ 100) and a highly hydrated PEO corona (~ 11 molecules of solvent per EO unit). Micelles form gradually, with no sharp onset. Structural parameters and hydration of the aggregates were surprisingly stable with both temperature and concentration, a critical advantage for their use in pharmaceutical formulations. CDs were shown to affect the self-assembly of TPGS in different ways. While native CDs induced the precipitation of a solid complex (or pseudopolyrotaxane), methylated -CDs (in which OH groups on the repeated glucose units are substituted by methoxy groups) led to different outcomes: constructive (micellar expansion), destructive (micellar rupture) or no effect, depending on the number of substituents and whether the substitution pattern was regular or random on the rims of the macrocycle. Time-resolved SANS studies on mixtures of TPGS with regularly dimethylated -CD (DIMEB), which ruptures the micelles, revealed an almost instantaneous de-micellisation process (< 100 ms), and showed that the process involved the formation of large aggregates, whose size evolved over time. Micellar rupture is caused by the formation of a TPGS-DIMEB inclusion complex, involving the incorporation of up to three macrocycles on the tocopherol, as shown by 1H and ROESY NMR. Analysis of NMR data using Hill's equation revealed that complex formation is rather cooperative, the threading of a CD favoring the subsequent inclusion of additional CDs on the aliphatic moiety.
INTRODUCTION
D-α-tocopheryl polyethylene glycol succinate, TPGS, is a water soluble derivative of the natural form of vitamin E, produced by the esterification of the crystalline D-α-tocopheryl succinate with polyethylene glycol (SI, Scheme 1). The presence of the PEG chain bestows tocopherol with an amphiphilic character and self-aggregation capability 1 , with the known advantages that non-ionic amphiphiles have over cationic and anionic surfactants, in terms of their low sensitivity to electrolytes, good chemical stability and generally better acceptability. TPGS has been extensively investigated for its solubilizing capacity in drug delivery [2] [3] [4] and approved by the FDA. Most studies in the literature have used TPGS-1000, which comprises 23 EO units, and a number of drug formulations based on this amphiphile have been developed, including micelles 5, 6 , microparticles 7 , nanoparticles 8 and microemulsifying systems 9 , where TPGS is used as a solubilizer, absorption enhancer and a drug-carrier 10, 11 , especially for poorly watersoluble drugs. Many of these studies have focused on the delivery of anticancer drugs 12 , since TPGS inhibits the activity of P-glycoproteins transporters (P-gp), which is responsible for the poor permeability of many cancer drugs through physiological barriers 13 . Its pharmacological response has also been studied and compared to that obtained with other excipients 14, 15 .
Another class of nano-carriers widely used in pharmaceutical formulations are cyclodextrins (CDs), oligosaccharides formed by the association of several glucopyranose units in a toroid-like arrangement. The three native CDs, α, β and γ-CD, comprise 6, 7 and 8 glucose units in the macrocycle, respectively. The cavity, larger as the number of glucose residues increases, has a relatively hydrophobic character, and is thus capable of lodging a guest molecule, while the outer part of the CD, formed by the primary and secondary hydroxyl groups, is hydrophilic. These hydroxyl groups are susceptible of chemical substitution, improving the properties of native CDs, such as their solubility or affinity for specific guests. The capacity of trapping molecules in their apolar cavity makes CDs useful in a range of areas, in food as a protectant and to encapsulate flavours and perfumes 16 , and in the pharmaceutical industry to solubilize drugs [17] [18] [19] [20] [21] . Moving beyond the small hydrophobic molecular guests, interesting supramolecular structures can be formed by the association of cyclodextrins with amphiphilic molecules (surfactants) or larger guests, such as polymers, which open up news prospects for the delivery of active substances [21] [22] [23] [24] . For instance, the threading of several cyclodextrins on a polymer chain can offer multi-fold binding, if modified with a suitable ligand [25] [26] [27] , or be transported within a polyrotaxane structure (by the introduction of suitable stopper-groups) for release at specific sites 28 . The formation of such structures dramatically depends on the type of CD. While native CDs tend to produce solid adducts or precipitates, which have been explored for the production of injectable gels 29 , modified CDs tend to form soluble pseudopolyrotaxanes 30, 31 . The use of these supramolecular structures for gene and drug delivery has been recently reviewed 32 . The combined use of CDs or their complexes with surfactants in a multifunctional approach requires the compatibility of all compounds involved in the complex. For pharmaceutical formulations in particular, the presence of non-controlled interactions or competition between the different components, could dramatically affect the efficacy of drug encapsulation and drug delivery, hence the necessity to carefully characterise structures and interactions in cyclodextrin-based multi-compartmented delivery systems.
Within this framework, this investigation has two objectives. In the first step, we fully characterize the aggregation behavior of TPGS 1000 and its micellar structures, through the combined use of spectroscopic (UV-visible, fluorescence and NMR) and scattering techniques (SANS and DLS). In a second step, we explore the impact of both native and substituted cyclodextrins on the self-association of TPGS to assess the combined use of these excipients as drug carriers, a topic that has not been addressed yet in the literature. We have focused in particular on the dimethylated derivative of βCD, heptakis(2,6-di-O-methyl)-β-cyclodextrin (DIMEB), which is known to have an important disaggregating impact on non-ionic 30, 33 surfactants and, due to its welldefined rim substitution, enables a detailed structural characterization of the complexes formed, thus helping understand the behavior of other substituted CDs. 
MATERIALS AND METHODS

Materials
Time-Resolved SANS (TR-SANS).
Kinetic SANS measurements were carried out on D22
at the ILL, combined with a stopped-flow unit, which allows for rapid mixing of several solutions and triggers the reaction with data acquisition, with acquisition times of the order of 100 ms. 35 The wavelength λ was set at 6 Å, the peak flux of the cold source.
The sample-to-detector distance was 4 m, with a collimation at 5.6 m and a detector offset of 400 mm to maximize the available q range (1.2 ·10 -2 < q < 0.26 Å -1 ). A 7×10 mm 2 sample aperture was used, and the sample path length in the Biologic SFM-300 stopped-flow apparatus was 1 mm and the temperature was set to 40ºC. Raw data were corrected for electronic background and empty cell and normalized by water using the 
Eq. 4
Tn is the accumulated time after mixing, with t1 = 100 ms and a = 1. Eq. 5
tDT being the dead time needed to fill the cell, estimated at 70 ms for the flow rate used.
The stock solutions of TPGS and CD were prepared by weighing the required amounts of surfactant, DIMEB and deuterated water. Appropriate volumes of stock solutions (total of 250 μL) were then mixed in the stopped-flow cell at a flow rate of 3 mL/s to obtain the target concentrations. Datasets of the experiments can be found on the ILL website 37 . 
Dynamic light scattering (DLS)
.
RESULTS AND DISCUSSION
Micellisation process of TPGS
The aromatic moiety of tocopherol accounts for the UV-vis absorption of the molecule, with a maximum at  = 285 nm. The molar absorptivity at max, ε, can be obtained by a linear fit to the Beer-Lambert law, resulting in (1.86 ± 0.04)
(SI, Figure S1 ). The low molar absorptivity of TPGS prevents a reliable estimation of the cmc by this technique, which can be overcome by using the emission fluorescence. Further insight into the micellisation process is obtained from fluorescence lifetime spectroscopy. If there are different emitting species, the fluorescence decay upon an excitation pulse is given by:
Eq. 6
where Bi is an amplitude factor related to the intrinsic quantum yield of fluorescence and concentration of the i species, i its fluorescence lifetime and A the background.
Two exponentials were used to fit the data (SI, Table T1 ). The fluorescence lifetime of vitamin E has been reported 38 as 0.5 ns, therefore the fast decay corresponds to the monomeric form, while the second contribution, at ca. 2.2 ns, is ascribed to the micellised surfactant. The micellar fraction can be deduced from the ratio of the preexponential factors, Fmic/FT (SI , Table T1 ); its value increases steadily over time, without a clear break-point, confirming the gradual formation of micelles rather than their sudden onset.
TPGS micellar structure
Dynamic TPGS have an overall radius of ca. 63 Å, about 10 Å larger than the hydrodynamic radius obtained from DLS extrapolated to zero concentration ( Figure   2 ). Temperature has a limited effect on micellar structure ( an interesting point to consider for applications of TPGS as a drug carrier. In the next section we turn to the effect of cyclodextrins on the self-assembly structures of TPGS.
Effect of cyclodextrins on TPGS aggregation
The addition of native cyclodextrins, ,  or CD, well below their solubility limit, to a 1% TPGS solution leads to the formation of, first, turbid solutions, then white precipitates. In the case of 1% CD, the haziness is less pronounced, and DLS analysis reveals a size distribution similar to TPGS micelles (ca. 5 nm), together with a large distribution at the nominal diameter of the filter pore used (0.2 m), most likely due to the self-aggregation which is known to occur in native CDs 40 (SI, Figure   S3 ). The precipitates originate from pseudopolyrotaxane formation by threading of The nature of the modified groups on the macrocycle, as well as the extent and regularity of the substitution can have a substantial impact on the complexation, as reported before 43, 46 . For instance, the permethylated βCD (TRIMEB), which has all three hydroxyl groups substituted rather than two, does not affect TPGS micelles at 5%, either at 20 or 40ºC (data not shown). The case of RAMEB, a randomly methylated CD, produces the exact opposite effect, as it induces the association of TPGS micelles into large and polydisperse aggregates of ca. 28 nm radius. These aggregates increase in size while becoming more monodisperse with temperature (42, 43 , and 49 nm in radius, at 30, 40, and 50ºC, respectively) ( Figure 2B ). This randomly substituted CD has been reported to act as a micelle expander of a poloxamer at high concentrations, a property that was then exploited to produce mesoporous γ-alumina 47 .
The authors suggested that RAMEB would be located in the outer shell of the poloxamer micelles, interacting with the PEO segments. A similar effect with TPGS could explain the observed micellar growth, given the identical nature of the hydrophilic corona. Other substituted CD, hydroxyethyl or -propyl-βCD (HEBCD and HPBCD) do not impact the micelles at 1%, while HPGCD, with a larger cavity, does not have any effect either, at concentrations up to 5% (at either 20ºC or 40ºC).
The above results evidence that not only the nature but also the extent and the regularity of the chemical substituents along the CD rim are paramount in dictating the final outcome of complexation: either destructive (micellar break-up) or constructive (micellar expansion). While native CDs produce solid pseudopolyrotaxanes, regularly methylated βCD (DIMEB), with a lower capacity of hydrogen-bond formation between adjacent macrocycles, has a strong disruptive effect on TPGS micelles. Instead, thrice-methylated TRIMEB has no detectable effect at the same concentration, while the randomly substituted RAMEB induces micellar association into large aggregates. In the following, we narrow down the focus on DIMEB, since it is the macrocycle with the most drastic effect on TPGS micelles, a factor of importance if we envisage the concomitant use of CD and TPGS in a drug delivery system. Fluorescence decays obtained from fluorescence lifetime spectroscopy on the same solutions were fitted with two exponential decays, with lifetimes 1 =0.303 ± 0.002 ns and 2 = 2.25 ± 0.04 ns and respective contributions of 98% and 2% (SI, Figure S5 ). 1 is slightly lower than the lifetime of TPGS monomers (0.4 ns, SI, Table   T1 ), thus most likely corresponds to the complex with DIMEB, while the second decay 2 can be ascribed to micellised TPGS. It is clear that the addition of DIMEB drastically reduces the micellised fraction, compared to TPGS alone (SI , Table T1 ).
Next, we employed time-resolved SANS (TR-SANS) to investigate the kinetics of de-micellization induced by DIMEB. A stopped-flow device was used to rapidly mix stock solutions of TPGS and DIMEB, achieving a final concentration of 1% surfactant and 3% DIMEB ( Figure 5 ). The first frame is measured ca. 100 ms after mixing, and by this time the micelles have largely disappeared (as inferred by the drop in intensity), while the uprising curve at low q denotes the presence of large aggregates. The drop in intensity is reminiscent of the micellar break-up obtained with 1% TPGS and 5% DIMEB (Figure 3 ), while the formation of larger structures is more pronounced at this lower CD concentration of 3%. DLS measurements in D2O also confirm the presence of these large aggregates, which seem to be critically dependent on CD/TPGS ratio (SI, Figure S4A) . Indeed, at 3% DIMEB the solution is slightly turbid and stable over time, while it is transparent at 5%.
The kinetics of micellisation from scattering techniques has been recently reviewed by Lund et al, with a focus on block copolymer micelles 48 . For low molecular weight micelles, the process can be well described by Aniansson and Wall theory 49 , developed for near-equilibrium relaxation kinetics in terms of the rate constants of incorporation of a unimer into a micelle and its dissociation. 52 . The behavior of TPGS should not be very different from that of Pluronics, as the unimer has to cross a highly hydrated corona, to incorporate or leave the micelles. Regarding the kinetics of inclusion complex formation with CDs, the reaction can take place over a wide span of timescales, depending on the guest, but for small guests it is usually of the order of microseconds. As an example, a study by ultrasonic relaxation on a homologue series of carboxylic acids showed that the rate constants for the inclusion of pentanoic acid into -CD and its removal from the cavity were 7.310 8 mol -1 ·dm 3 ·s -1 and 0.8910 7 s -1 , respectively, the geometrical fit of the guest molecule within the cavity being a key factor to control the reaction rate 53 .
To gain some insight into the CD-triggered de-micellization process from TR-SANS, we propose here a simple model in which the overall scattering is split up between two contributions: one due to the large aggregates, considered as spherical, with a sld equivalent to that of a micelle (calculated as 4.710 -6 Å -2 , from the results shown in Table 1 ) and another one due to the TPGS-DIMEB complex, which is modelled as a small sphere of sld equivalent to one TPGS molecule and three DIMEB, at 8.410 -7 Å -2 (this specific stoichiometry is justified further down). The system is therefore modelled as a binary mixture of hard-spheres, which includes a hard sphere interaction between all the particles 54 . Figure 6 shows some of the most relevant findings obtained with this model.
Consideration of these plots leads to several conclusions. First, the TPGS-DIMEB complex has a constant size (R  25 Å) ( Figure 6C ) and volume fraction ( Figure 6D ), matching reasonably well the size obtained by DLS or SANS, and confirms that the complex is totally formed after ca. 100 ms. Second, the kinetic data reveal the presence of large aggregates, whose size and fraction evolve over time 
Topology of the TPGS-DIMEB complex
More details on the structure of the inclusion complex, i.e. its stoichiometry and the location of the CDs on the amphiphile, were obtained from NMR. The first question to address is whether the macrocycle is threaded through the surfactant headgroup (PEO block) or the hydrophobic tail (tocopherol moiety); for this purpose, we have focused on protons from both molecules that may undergo changes in their positions. Signal assignation of the DIMEB protons has been reported elsewhere 33 , while that of TPGS in DMSO was carried out with the aid of the corresponding 1D
and COSY spectrum (SI, Figure S6 ). It is worth mentioning that signal splitting, rather than shifting, occurs with the surfactant protons, but not with those from the macrocycle. This behavior can be explained in terms of the two simultaneous equilibria that are taking place:
complexation with CD, and TPGS micellization, both occurring on a different timescale. The lack of new signals in the spectrum of DIMEB at low DIMEB/TPGS ratios implies that the reaction in which the CD is involved (complexation) occurs at a fast exchange rate, leading to a shift in the resonances (such as H (3) and H(5)), rather than the appearance of new ones. In contrast, TPGS micellization must occur at a slower exchange rate compared to the NMR timescale, as reflected in the splitting of d and e
protons. This (relatively) slower kinetics of micellization compared to the exchange rate of the surfactant in and out of the cyclodextrin confirms the fast micelle disruption process observed by TR-SANS. At higher DIMEB/TPGS molar ratios, there are no longer micelles, but only complexed monomers, which show a different spectrum compared to the surfactant alone in water ( Figure 7) . A similar behavior has been observed in gemini cationic surfactants with different spacer groups 55 , and most recently in a ruthenium metallosurfactant 56 .
The precise location of the macrocycle was further ascertained from 2D-ROESY spectroscopy, which provides information of the interactions between protons that are spatially close, producing a NOE resonance (Figure 8 [CD] and θ were estimated from the protons of DIMEB whose resonances undergo the largest shifts and can thus be unambiguously tracked (H(1), H(3), H(5) and Me(6)), by averaging both variables calculated for each dataset (SI, Figure S8 ). 
where n is the number of sites (3 in this system), and K the global thermodynamic constant for the dissociation reaction, from which the actual intrinsic constant can be obtained by statistical considerations. By imposing the condition that the sites are equivalent (h = 3 in Hill's equation) we obtain a very similar K value of (1.2  0.1)10 -4 mol·L -1 , suggesting that the cooperative effect is not very remarkable in this system. We refer the reader to reference 57 for a deeper understanding of this topic, which is sometimes overlooked in the scientific literature.
SUMMARY AND CONCLUSIONS
We have reported in this work a comprehensive structural investigation on the aggregation process of TPGS-1000 micelles, using scattering and spectroscopic 
